Abstract-In this paper, we propose a convenient fixed-frequency beam steering method, using a single patch antenna controlled by only one electronically tunable component. The antenna is based on coupled-mode patch antenna (CMPA) [1] that is capable to scan the beam as the function of frequency. A ground-etched slot loaded with one varactor diode is tuned to be capacitive, resonant, or inductive. In order to test broader tuning range, two kinds of varactors with the ranges of 9.24 pF-1.77 pF and 2.67 pF-0.63 pF are implemented respectively. By analyzing how the loaded slot affects the cavity modes and fields, we demonstrate how the voltage bias tunes the frequency responses and steers beam of the antenna. Perturbed by the loaded slot, the frequency response of the antenna shifts from center frequency of 2.35 GHz with the bandwidth of 4.26% down to the band centered at 2.3 GHz with the bandwidth of 4.35%. The maximum scanning range is realized at around 2.29 GHz where the measured main beam continuously scans from −34 • to +32 • when the varactor with lower tuning range is used and biased. Meanwhile, the main beam of 2.35 GHz scans from +32 • to +54 • when the higher-range varactor is biased. The proposed single-element antenna is able to maintain high gain and efficiency that are comparable to a regular patch antenna with same size and substrate.
INTRODUCTION
Beam steerable antennas are drawing more attentions due to the rapid development of wireless communications. These antennas are capable to exploit the spatial dimension of the signal channels by forming the beam toward the desired direction. Along with multiple-input-multiple-output (MIMO) technology, those antennas can mitigate communication impairments, like multipath fading and cochannel interference, and thus improve link quality [2] . Reflector antennas can be used to steer beam by mechanically rotating the reflectors. But they suffer from bulky structures and are typically limited to large mounting platforms. As an alternative, electronically controlled beam-forming arrays [3] [4] [5] [6] are widely used in many communication systems. They form the beam by manipulate the phase among multiple radiation elements, which typically results in a bulky size. In addition, it requires complex signal processing and controls to operate, which makes it high cost and limits the application.
Single-element beam forming antennas, also known as pattern reconfigurable antennas, have been developed to provide another solution for beam steering. Leaky wave antenna (LWA), as an example, scans beam as a function of frequency. The energy propagates along the antenna and gradually leaks out. The scanning range can be very wide by applying composite right/left-handed (CRLH) metamaterial structure [7] . To make the beam scan at fixed frequency, many methods have been reported like multi-terminal feeding [8] and integration of tunable components [9] , such as p-i-n diodes, microelectromechanical system (MEMS) switches, and varactor diodes. Similar methods have been used in many other designs for beam control [10] [11] [12] [13] . However, it could be difficult to integrate multi-terminal feeding antennas with other parts of transmitter, and the designs may not be robust when too many tunable components are applied.
We have reported a new beam steering antenna, so called coupled-mode patch antenna (CMPA) [1] . It realizes large-range beam scanning as a function of frequency in a modified patch antenna. The metal via posts around the center of the antenna split the patch into two coupled half mode cavities. Two eigen-modes exist, that is, even mode where the two radiating slots of the antenna are in phase, and odd mode, where the slots are out of phase. With proper design, the two-pole frequency response is realized where the poles are corresponding to the coupled modes. When the frequency shifts from one pole to another, the phase difference of the two slots changes and thus the antenna scans the beam like a two-element phased array. Since the phases of the slots are controlled by frequency, if tunable components are introduced into CMPA to manipulate the frequency response, beam steering, or pattern diversification, at fixed frequencies is able to be realized just as reported by [14] . There is, however, one significant drawback of the CMPA design: its beam steering can only go from broadside to forward direction. It would be ideal if we could scan the beam in both forward and backward directions.
In this paper, we present a new fixed frequency beam steering CMPA controlled by one varactor diode loading to a slot on the ground. The loaded slot can equivalently become capacitive, resonant, or inductive as the capacitance of the varactor changes. It thus perturbs the cavity modes and field distributions which control the radiation beam in far field. In order to cover the whole tuning range, we mount two varactors with different tuning ranges, 9.24 pF-1.77 pF and 2.67 pF-0.63 pF, respectively at same location on the same antenna in fabrication. The measured and simulated frequency response and the beam steering are demonstrated, which show the objective forward and backward beam scanning through this single-element antenna tuned by a single varactor. In this paper, the forward or backward radiation refer to the radiation whose beam peak is at positive or negative θ region on E plane, respectively. In addition, since the whole matching band is tuned, we show unique beam behaviors controlled by the bias at the other selected frequencies, which could be useful in certain applications as well. Its compactness, simple operation, low cost, and scan effectiveness are highlight features of the newly proposed methodology. This paper is organized as follows. In Section 2, we first introduce the fundamental operation theory for CMPA briefly, and then analyze the cavity modes of the proposed antenna under different capacitances of the varactor. Section 3 is about the simulation and measurement results for the design. A short discussion is given in Section 4. Figure 1 shows the schematic of the proposed antenna. The substrate is a ground-backed Rogers RT/Duroid 5880 substrate with dielectric constant of 2.2, loss tangent of 0.001, and height of 1.575 mm. As shown in Fig. 1(a) , the top is an inset-fed rectangular patch with width of w 1 = 56 mm and inset (a) (b) (c) Fig. 1(b) . In order to easily apply bias, we etch a slit on the ground that is l 3 = 14.75 mm away from the via wall. The width of slit is l 4 = 0.6 mm as shown in Fig. 1(c) . At the center of the slit, a slot with length of w 3 = 15 mm and width of l 5 = 1.2 mm is etched like a wider slit and loaded with a varactor diode. Four 10-pF capacitors are installed along the slit where two of them are near the slot, and the other two are under the edges of the top patch. These capacitors compensate the inductive effect of the thin slit on the cavity mode within the operating band and provide the DC block in the same time. On the other hand, the loaded slot does affect the cavity fields. We can then tune the varactor though the bias applied on the ground to control the response of the antenna.
ANTENNA DESIGN AND OPERATION

Fundamental Theory
To understand the operation of the antenna, the modes and field distributions in the cavity without the perturbation of the loaded slot are analyzed first. Fig. 2 shows the E field distribution on the xz plane for the two eigenmodes of the coupled cavity. The cavity is simplified to be symmetrically divided where the coupling through a PMC wall leads to the even mode and one through a PEC wall is to the odd mode. The fields at the two sides are in phase at even mode and 180 • out of phase at odd mode. Two-pole frequency response can be realized when both modes are matched. So when the frequency changes from one pole to the other, the phase changes between 0 • and 180 • .
(a) (b) Figure 2 . The vector E field distribution in a symmetric coupled cavity at (a) even mode where an equivalent perfect magnetic conductor (PMC) wall is at the center; and (b) odd mode where an equivalent perfect electric conductor (PMC) wall is at the center. The dash line only represents the boundary condition within the coupling gap. The via posts still form a PEC wall in the rest parts.
Since the fringing fields at the edges are equivalent to two magnetic currents that contribute to the far field radiation, the pattern can then be predicted by applying two-element array factor (AF) [15] :
where k 0 is the propagation constant in free space; d is the separation distance; and Δφ is the phase difference of the two elements. With a fixed d, the main beam scans with the phase difference, which is provided by the coupled modes. In order to construct the coupling and generate the desired coupled modes, the resonant frequencies of the two half mode cavities have to be close to each other. In our design shown in Fig. 1 , the etched-out slot brings equivalent series inductance to the upper cavity, which decreases the resonant frequency of the cavity. To make the resonant frequency of the lower cavity close to that of the upper one, we design the length of the lower cavity to be longer than that of the upper one by Δl 1 . Besides the resonance of each cavity itself, the coupling gap on the via wall affects the coupling between the two cavities and thus affects the coupled modes. The width of the gap is chosen to ensure the two-pole frequency response of the antenna with reasonable bandwidth. When the frequency shifts from one pole to the other, the phase difference between the two radiating slots changes dramatically due to the mode changing. Therefore, the beam scans as a function of frequency as reported in [1] .
In this design, the varactor loaded slot perturbs the modes and thus affects the frequency response. Since the frequency is corresponding to the phase of the radiating slots as discussed before, we are then able to steer the beam by applying bias voltage. The perturbations of the loaded slot under different capacitances of the varactor are demonstrated in the following subsection. ANSYS High Frequency Structure Simulator HFSS R is used to help with the mode analysis and frequency response. The capacitors and varactor are modeled by applying Lumped RLC Boundary Condition in the simulator.
Varactor Loaded Slot
A narrow transverse slot on microstrip line is equivalent to a series inductance since it concentrates the magnetic field locally [16] . The inductance value depends on not only the size of the slot but also the location, that is, where the stronger the magnetic field is, the bigger the value can be. Loading the slot with a capacitor can make the whole configuration become capacitive, inductive, or resonant, depending on the equivalent inductance of the slot and the value of the capacitor. Resonant capacitor loaded slot has been reported to be used to generate additional band in a patch antenna [17] . It has to be mentioned that the length of the slot w 3 is much smaller than half wavelength, and thus the slot itself is not an effective radiator. The effect of the slot is mainly on the guided fields in the cavity. In our antenna, we carefully design the slot and load it with a varactor to realize both capacitive and inductive response to the cavity within the varactor tuning range.
The varactor loaded slot, as part of the upper half mode cavity, affects the resonance of that cavity. Since the slot is serial to the major cavity mode, the resonant frequency of the cavity will be higher when the slot is capacitive than the one when the slot is inductive. On the other hand, the lower half mode cavity is not perturbed by the slot, and the upper and lower cavities will still be coupled through the open iris as long as the resonant frequencies of these two are close. Fig. 3(a) shows the simulated frequency responses of the coupled two cavities when the loaded slot is inductive (C v = 0.5 pF) and capacitive (C v = 3 pF). The two-pole response in both cases proves the existence of the coupling. One of the poles overlays for both cases which indicates that the pole is corresponding to the resonance of the lower half mode cavity that is not affected by the slot. While the other pole shifts to high frequency as C v changes from 0.5 pF to 3 pF, which indicates that the resonant frequency of the upper cavity increases since the loaded slot becomes capacitive.
The lower frequency poles for both cases in Fig. 3 (a) are corresponding to even mode. This is determined by the nature of magnetic coupling in the structure. The coupling effect increases the stored flux in each half mode cavity when the magnetic wall is inserted, and it decreases the stored flux when electric wall is in inserted [18] . In consequence, the frequency of even mode is always lower than the one of odd mode in our structure. To prove it, we plot the electric and magnetic field distributions at relevant frequencies with C v = 0.5 pF and C v = 3 pF in Figs. 3(b) -(e). In both cases, the even and odd modes are excited. Shown in Figs. 3(c) and (e), the E field at the coupling iris is zero, and the H fields of upper and lower cavities point to same direction at odd mode, because of the equivalent PEC wall. The opposite situations appear at even mode, as shown in Figs. 3(b) and (d), due to the PMC wall. Back to Fig. 3(a) , the odd mode (higher frequency pole) at C v = 0.5 pF overlays the even mode (lower frequency pole) at C v = 3 pF in certain frequency band. It means that at certain frequency, we are able to change the mode from even to odd by applying proper bias, and thus steer the beam in a wide angle range.
Due to the perturbation of the slot resonance, the frequency response of the antenna is not smoothly transferring while the loaded slot changes from capacitive to inductive, as shown in Fig. 4(a) . The additional pole corresponding to the slot resonance is pointed out by the black arrows. Since the equivalent inductance of the slot itself is basically fixed, the resonant frequency is highly dependent on the loading capacitance. The small leakage from the slot behaves as the load for the slot resonator and results in the small poles shown in Fig. 4(a) . The resonant frequency of the loaded slot dramatically increases from 2.157 GHz to 2.638 GHz, when the loading capacitance C v decreases from 2 pF to 1.5 pF in the simulation. When the resonant frequency of the loaded slot is around our operating frequency as the cases shown in Fig. 4(a) , the slot resonator will drain the income energy and disturb the fundamental coupling modes. Figs. 4(b)-(c) show the E and H field distributions at the frequencies pointed in Fig. 4(a) under the two different loading capacitances. The energy couples from the cavity and is trapped around the loaded slot, which interrupts the fundamental modes and cavity field distributions. Shown in Fig. 4(b) E field distribution where C v = 2 pF, the fields are concentrated above the slot, while in Fig. 4 (c) when C v = 1.5 pF, the fields are below the slot. This is because the weak coupling between the cavity and slot changes with the loading capacitance. Based on the effect of the varactor loaded slot on the frequency response, the tuning can be sorted into capacitive range, resonant range, and inductive range. In capacitive and inductive ranges, the antenna has a similar two-pole frequency response but in different bands. The pole that is corresponding to the resonance of upper cavity jumps to low frequency as the tuning changes from capacitive to inductive region as shown in Fig. 3(a) . Meanwhile, in either capacitive or inductive range, the frequency of the upper-cavity pole increases as the capacitance of the varactor decreases. This is because the varactor is serial to the cavity mode. In resonant range, on the other hand, an additional pole corresponding to the slot resonance appears, and the two-pole matching is disrupted. The gain of the beam, however, may not be perturbed much at some frequencies. We will discuss the relation of the frequency response and the radiation pattern, and demonstrate how the beam is steered by the bias voltage in next section. Figure 5 shows the views of the fabricated sample. The bias lines connect on the ground as shown in Figs. 5(a) and (b). Since the bias points are far from the resonant cavity, the high-frequency currents will not drain to the bias lines. In order to cover the whole tuning range, we use two types of plastic packaged varactors from Skyworks R , respectively in our sample, which are SMV1413 ranging from 9.24 pF to 1.77 pF and SMV1405 ranging from 2.76 pF to 0.63 pF. Keysight Advanced Design System (ADS R ) and HFSS are used for hybrid simulation in this section to have precise varactor model and get accurate results. In our fabricated sample, the 10-pF capacitors are ATC 500 S Series Surface Mount Capacitors R , whose self resonant frequency is much higher than the operating frequencies. They can then be treated as ideal capacitors in the simulation. The tuning is in capacitive range while using SMV1413, and it covers all three ranges while using SMV1405. 
SIMULATION AND MEASUREMENT
Performance with Varactor SMV1413
Our antenna is first loaded by Varactor SMV1413 that tunes the slot effective impedance to the cavity in the capacitive range. The simulated frequency responses under different capacitances are shown in Fig. 6(a) , where the equivalent circuit model of the varactor is given by the manufacturer. It can be seen that, when the capacitance decreases, the high-frequency pole, corresponding to odd mode, is moving to higher frequency while the low-frequency pole is basically not tuned. This is because the varactor loaded slot only affects the upper cavity, and thus decreasing the capacitance will only increase the frequency of one pole as we discussed before. But it does affect the coupling since the discrepancy of the resonant frequencies for the two cavities becomes larger as the capacitance decreases. As a result, the matching is getting worse. Fig. 6(b) shows the measured frequency responses under different bias voltages on the varactor. As the bias increases, the capacitance of the varactor decreases. Thus in At any fixed frequency around the high-frequency pole (odd mode), the phase of the radiating slots at backside (upper cavity) is changing as the pole shifting, and thus the beam scans. Fig. 7(a) shows the measured patterns under different bias at 2.35 GHz, which is the frequency of the odd-mode pole for V b = 0 V. As the bias is tuned from 0 V to 20 V, the beam peak continuously scans from 32 • to 54 • . The measured peak gain and total efficiency versus bias voltage at 2.35 GHz are shown in Fig. 7(b) . The peak gain does not take the reflection loss into account, while the total efficiency does. The total efficiency at low bias voltages, where the matching is good, is around 76.5% which is comparable to that of a regular patch antenna with the same size. This indicates that the loss caused by the varactor itself is relatively small. The peak gain decreases from 6.64 dBi to 4.20 dBi as the bias increases from 0 V to 20 V. This is because the mode at 2.35 GHz is odd mode when V b = 0 V where almost all energy radiates to the main beam direction. But it is getting close to even mode when the bias increases as shown in Fig. 6 , which results in an additional side lobe at around θ 50 • in the radiation pattern of V b = 15, 20 V as shown in Fig. 7(a) . Thus the energy radiated to the main beam direction decreases. In Fig. 7(b) , the total efficiency decreases as the bias voltage increases. The reason is that matching is worse, and the reflection loss increases.
The patterns have interesting behaviors under different bias at frequency around the low-frequency pole (even mode), though the pole itself does not shift much with the bias. Shown in Fig. 8 are the patterns for realized gain, which takes S 11 into account, under different bias at the frequency of 2.3 GHz near the even-mode pole. Since the frequency is around the even mode, there are two beams respectively in positive (forward) and negative (backward) θ regions of the patterns. When bias V b = 0 V, the main beam is pointed at +60 • , and most energy is radiated to the front side. This indicates that the phase of the front radiation slot is initially delayed compared to the one of the back radiation slot, according to the Array Factor in Eq. (1). As V b increases, the magnitude of the beam on the front side decreases while the one on the back side increases. When bias V b = 20 V, the peak of the main beam turns to −32 • with basically same magnitude as the one at V b = 0 V, which indicates that the phase of the back slot is delayed compared to the front one. This is because when the capacitance of the varactor decreases, the loaded slot becomes more inductive that delays the field in the upper cavity and thus gradually delays the phase at the back radiating slot. Since the slot will not affect the resonance in the lower cavity which means that the front slot phase remains same, the relative phase of the back slot becomes delayed compared to the front one as the bias increases. This pattern behavior makes it possible for the beam of the antenna to scan from backward to forward as the bias changes.
Wide-Angle Scanning Realized by Varactor SMV1405
We then replace varactor SMV1413 with SMV1405 which has relatively low capacitance tuning range. The tuning ranges of the two varactors have overlays, and thus the slot loaded by SMV1405 is still in capacitive range when the bias is small. In Fig. 9 , the measured S 11 with SMV1413 under bias V b = 10 V matches well with the one with SMV1405 under bias V b = 0 V. This indicates that the transition from one varactor to the other is smooth, and the antenna loaded by SMV1405 under small bias will have a similar response to the one discussed in previous subsection.
The varactor loaded slot becomes resonant around the operation frequency when the bias increases, and the capacitance of the varactor further decreases. Simulated and measured frequency responses in the resonant range, shown in Figs. 10(a) and (b) respectively, compare closely. Additional pole that is corresponding to the resonance of the loaded slot comes into the picture and interrupts coupling as we expected. Though matching is perturbed by the slot resonance, the pole corresponding to the resonance of the lower cavity remains at around 2.32 GHz. This is because the slot does not directly affect the resonance of the lower cavity or the external coupling between the feeding line and the lower cavity.
The pole corresponding to the upper cavity shifts from right side to left side of lower cavity pole. As we discussed, the mode at lower cavity pole changes from even to odd mode consequently. When the bias keeps increasing, the additional pole gets to higher frequency, and the loaded slot becomes inductive to the cavity. Figure 11 shows the measured frequency response to the bias. The transition from capacitive to inductive region is illustrated in Fig. 11(a) , where two-pole response at V b = 1 V first becomes three-pole response due to the slot resonance, and then transfers back to two-pole response with frequency shifting to the left when V b = 4 V. Fig. 11(b) shows the frequency response in the inductive range. The band of the two-pole response shifts to lower frequency compared to the response in capacitive range. The high-frequency pole, now corresponding to the resonance of the lower cavity, basically remains at same frequency, while the other pole corresponding to the upper cavity shifts to higher frequency as the bias increases, and the loaded slot becomes more inductive. As the resonant frequencies of the two cavities come closer, the coupling becomes stronger, thus the band gets narrower, and matching gets better. From the cavity field perspective, the phase on the back side slot gets delayed more as the bias increases. Consequently, at the frequency around the left-side pole, the radiation beam of the antenna scans with the bias. Meanwhile at around 2.3 GHz, the frequency responses in capacitive, resonant, and inductive ranges overlay, where the maximum beam scanning range can be realized as we discussed in Section 2. Figure 12 shows the measured realized gain patterns of the antenna at 2.29 GHz under different bias. As the bias voltage increases, the main beam of the antenna continuously scans from backward to forward. The beam points to broadside at bias V b = 3 V. The peak of the beam scans from −34 • to +32 • as the bias increases from 1 V to 20 V, which results in a total scanning range of 66 • . The realized peak gains under different bias are all above 4 dBi. The whole tuning is realized by only one varactor, SMV1405 model.
The corresponding peak gain and total efficiency are measured under different bias as shown in Fig. 13 . Again, the peak gain does not account for the reflection loss while the total efficiency does. At V b = 1 V, the loaded slot is still capacitive, and the beam shares similar pattern to the one discussed in Fig. 8 . So the peak gain of 4.91 dBi is relatively low due to the side lobe of the even mode, but the total efficiency of 68.2% is high since the matching is still good. As the bias increases to 4 V, the gain increases to maximum of 6.27 dBi while the total efficiency drops to minimum of 58.5%. This is because the mode at 2.29 GHz switches from even to odd, and thus the side lobe gradually disappears which leads to the higher gain; on the other hand, the matching is much perturbed by the slot resonance, and thus the reflection loss increases which leads to the decrease of total efficiency. As V b increases from 5 V to 20 V, the total efficiency gradually increases to 69.3% due to better matching as shown in Fig. 11(b) . In the meantime, the even mode pole moves toward 2.29 GHz, and thus the side lobe appears as shown at V b = 20 V in Fig. 12 . The peak gain then slightly decreases to 5.33 dBi at V b = 20 V. In general, the peak gain and total efficiency within the whole tuning range shown in Fig. 13 are comparable to those of a regular patch antenna with same size and substrate.
DISCUSSION
The proposed beam steering antenna has advantages of compact size, simple and low-loss operation, and wide range of continuous beam scanning. In Table 1 , we compare the proposed design with other recently reported beam steering antennas or arrays. The antenna in [14] is based on CMPA, similar to the proposed design; it is, however, limited by the beam scanning range. This is because the original CMPA reported in [1] is only capable of beam scanning at the forward region. With the mode perturbed by the loaded slot, the proposed design is able to have much wider scanning range covering both backward and forward regions. Since the proposed antenna is based on a single element patch antenna, the ground and substrate size can be further reduced, even if the total size is already small compared to other designs in Table 1 . The single element antennas reported in [12, 13, 21] are compact as well, but they can only achieve certain number of beams instead of continuous scanning, which thus limits their applications. The operation of those designs involves many tuning components and thus is complex. Two-element phased antennas which offer continuous scanning have been reported [19, 20] . Compared with the proposed design, they, however, have larger size and narrower scanning range. 
CONCLUSION
A single-element beam scanning antenna controlled by only one varactor is presented. The design is based on a coupled-mode patch antenna whose operation is explained by the coupled even and odd modes and two-element array factor. A varactor loaded slot etched on the ground of one of the halfmode cavities is tuned to be capacitive, resonant, or inductive. Two types of varactors, SMV1413 and SMV1405, have been used to cover the whole tuning range. The phases of the radiating slots are then manipulated by applying bias, which leads to both forward and backward beam scanning. Maximum scanning range of 66 • is achieved at 2.29 GHz where the beam continuously scans from −34 • to +32 • . The gain and efficiency of this design are comparable to those of a regular patch antenna with same size and substrate. The design is reliable and robust since all the tuning is simply realized by one component. It has the advantages of compact size, simple and low-loss operation, wide range of continuous beam scanning, low cost, and friendly fabrication. The design can be scaled to different frequency domains. The proposed antenna will find its applications in many 5G communication scenarios, like tracking the mobile platforms from base stations, or tracking the base stations from mobile platforms.
